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ascular compliance affects the arterial
waveform.1–4 Vascular compliance also
varies in vivo by a factor of at least 5.5–11 We
postulated that vascular compliance affects the post-
stenotic waveform and thus the poststenotic PSV
obtained during Doppler sonography in cases of
hemodynamically significant arterial stenosis. If so,
this might help explain the variable results reported
previously in the sonographic detection of hemody-
namically significant renal arterial stenoses using the
poststenotic PSV.12–30 An in vitro hydraulic model
was developed and experiments were performed to
evaluate the effect of end-organ vascular compliance
on the poststenotic PSV.
MATERIALS AND METHODS
Hydraulic Model
A general discussion of the model is presented here,
with specifics discussed in subsequent sections. The
model (Fig. 1) was constructed to study the effect of
end-organ vascular compliance on the poststenotic
PSV of a stenosed artery supplying an organ such as
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Poststenotic Peak Systolic Velocity
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Prior studies have shown variable results using
poststenotic peak systolic velocity to detect hemo-
dynamically significant renal artery stenoses. We
postulated that vascular compliance, which affects
the arterial waveform and varies by a factor of at
least 5 in vivo, affects the peak systolic velocity, per-
haps explaining the aforementioned variable results
using peak systolic velocity to detect stenoses. A
hydraulic model was used to investigate the rela-
tionship between end-organ vascular compliance
and the peak systolic velocity. The peak systolic
velocity was found to be mildly dependent on vas-
cular compliance, decreasing with decreasing com-
pliance. These results help explain some of the
reported variability using peak systolic velocity to
detect hemodynamically significant renal artery
stenoses, but the effect is not great enough to
explain the variability completely. Other factors not
investigated in this study must exist that also affect
peak systolic velocity. KEY WORDS: Blood, flow
dynamics; Phantoms; Renal arteries, flow dynam-
ics; Kidney, arterial stenosis; Stenosis, renal artery.
the kidney. A pulsatile pump supplied flow through
a single tube, representing the descending aorta,
which branched; one branch simulated blood flow to
the kidney and the other simulated blood flow to the
rest of the body. (For the remainder of this study,
these components will be referred to as “aorta,”
“renal” or “kidney,” and “body” for clarity and
brevity, acknowledging that this is an in vitro rather
than an in vivo study.) This set-up allowed flow to be
diverted from the kidney to the rest of the body
when the model was changed from normal to high
renal vascular resistance, as happens in vivo. Four
experimental runs were performed, two with a low
grade stenosis and two with a moderate grade steno-
sis inserted into the renal branch. For each stenosis,
PSV values were obtained immediately downstream
from the stenosis at end-organ compliances ranging
from very low to normal, at two different degrees of
renal vascular resistance: (1) a resistance allowing
approximately 10% of volume flow through the kid-
ney (“normal” resistance), (2) a resistance allowing
approximately 2% of volume flow through the kid-
ney (“high” resistance).
Pump and Pump Output Tubing
A constant volume pump (Model 1421; Harvard
Apparatus, Millis, MA) supplied pulsatile flow
through a single 0.95 cm (3/8 inch) ID, 1.43 cm (9/16
inch) OD vinyl tube, at fixed settings throughout the
experiment: 60 strokes/min; 10 ml/stroke; duty
cycle (systolic fraction of the cardiac cycle) of 0.3.
Because the pump output was very pulsatile without
diastolic flow and the resultant renal artery wave-
form did not simulate a normal in vivo renal artery
waveform, the fluid-flow analogue of an RC circuit31
was installed immediately downstream from the
pump to modify the pump output waveform. By
adjusting the position and degree of stenoses of
clamps on the two parallel lengths of gum rubber
tubing (0.79 cm [5/16 inch] ID, 1.11 cm [7/16 inch] OD)
24 and 45 cm long (Fig. 1) that composed this net-
work, it was possible to produce a renal artery wave-
form, with diastolic flow, that simulated an in vivo
renal artery waveform. An RI, as measured with
electronic calipers on the monitor of the ultrasound
unit, of 0.54 was chosen as the input prestenotic renal
artery RI for both the low and the moderate grade
stenoses at normal renal vascular resistance because
this value was within the physiologic range and was
the highest RI the model could produce. Subsequent,
more accurate measurement of the RI by hand with
calipers from the films showed the input RI values to
be 0.53 ± 0.02 for the moderate grade stenosis and
0.54 ± 0.02 for the low grade stenosis.
Aorta, Renal, and Body Branches
Distal to the RC network, the descending aorta was
simulated with 0.64 cm (1/4 inch) ID, 0.95 cm (3/8 inch)
OD vinyl tubing, which branched into the body
branch, composed entirely of the same tubing as the
aorta, and the renal branch (to be discussed shortly).
Needle valves (Catalogue #6393-60; Cole Parmer
Instrument, Vernon Hills, IL) near the ends of these
branches simulated the total vascular resistances of
the body and the kidney. The renal and body resis-
tances were adjusted at the beginning of each exper-
imental run so that: (1) the mean pressures in the
renal artery proximal to the stenoses were as close to
physiologic as the model allowed, ranging from 7.33
× 103 to 1.36 × 104 Pa (55 to 102 mm Hg) during the
entire experiment, and (2) approximately 10% of
pump output flowed through the renal branch at
normal resistance (actually 10.3% [0.677 cc/s renal
flow/(0.677 cc/s renal flow + 5.87 cc/s body flow)]
for both low and moderate grade stenoses), since the
normal kidney receives approximately 10% of car-
diac output32 and approximately 2% (actually 1.88%
[0.138 cc/s renal flow/(0.138 cc/s renal flow + 7.19
cc/s body flow)] for both low and moderate grade
stenoses) flowed through the renal branch at high
resistance. Once set at the beginning of each experi-
mental run, neither the renal nor the body resistance
valves were adjusted for the remainder of that run.
The proximal renal branch, from the aorta through
the stenosis region, was composed of the same vinyl
tubing as the aorta through which Doppler sonogra-
phy could be successfully performed. The remainder
of the renal branch was composed of stiff polypropy-
lene tubing (to simulate as closely as possible zero
compliance in this portion; the tubing was so stiff
that it could not be perceptibly compressed by hand,
and intraluminal signals could not be obtained
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Figure 1 Schematic diagram of the experimental design.
because the ultrasound beam could not sufficiently
penetrate the tubing), 0.64 cm (1/4 inch) ID and 0.95
cm (3/8 inch) OD, with the following exceptions: 
(1) the stenoses, (2) the compliance region (pulse
dampener) (Fig. 1), (3) a 27 cm segment of vinyl tub-
ing immediately proximal to the distal resistance
valve, which provided an insonation port when nec-
essary, and (4) short lengths of vinyl tubing to allow
leak-free placement of pressure monitor needles (sil-
icone caulk prevented leakage at vinyl tubing, but no
method could be found to prevent leakage at
polypropylene tubing). Polypropylene tubing was
bent to fit the model by softening it in near-boiling
water, and allowing it to cool, and set, in place. Flow
through the body and kidney branches returned to a
common reservoir on top of a mechanical stirrer
(Magnestir; A. S. Aloe, St. Louis, MO). Renal artery
pressures upstream from the stenosis, downstream
from the stenosis but upstream from the renal vascu-
lar resistance valve, and downstream from the renal
vascular resistance valve were measured with pres-
sure transducers (Transpac IV; Abbott Critical Care
Systems, Abbott Laboratories/Hospital Products
Division, North Chicago, IL) connected to a monitor
(Model 78354A; Hewlett-Packard, Bad Homburg,
Germany) (Fig. 1).
Interchangeable Renal Artery Stenoses
Two renal artery "stenoses" were made with 23 mm
long segments of copper tubing, 0.7 and 2.5 mm ID,
which produced 61% and 89% diameter stenoses in
the 0.64 cm (1/4 inch) ID vinyl tubing. These were
glued into centrally drilled holes in 2 cm lengths of
0.79 cm (5/16 inch) diameter wooden dowel, the sur-
faces of which were carefully painted to preclude
water absorption or exudation, so that the tubing
edges extended from the cut surfaces of the dowel
plugs approximately 1.5 mm on each side. Spectral
Doppler sonography was performed immediately
distal to the copper tubing edges, which could be
clearly seen sonographically. Color or power
Doppler sonography of the poststenotic jet was used
to determine the insonation angle. The wooden
dowel segments produced a water-tight slide fit in
the 0.64 cm (1/4 inch) ID vinyl tubing, which facili-
tated stenosis interchanges. At the beginning of the
experiment, at normal renal vascular resistance,
pressure gradients across the stenoses and across the
renal resistance valves were measured to determine
the relative hemodynamic significance of the
stenoses. Under the conditions of this experiment,
the pressure gradient across the 61% diameter steno-
sis was 6% of the total pressure drop across the renal
branch (6.7 × 102 Pa [5 mm Hg]) pressure drop across
the stenosis; 1.16 × 104 Pa (87 mm Hg) total pressure
drop across the renal limb; percentage pressure drop
in stenosis = 5/87 = 6%), and the pressure gradient
across the 89% diameter stenosis was 38% of the total
pressure drop across the renal branch (4.80 × 103 Pa
[36 mm Hg] pressure drop across stenosis; 1.25 × 104
Pa (94 mm Hg) total pressure drop across the renal
limb; percentage pressure drop in stenosis = 36/94 =
38%). In the normal human, the mean arterial pres-
sure is approximately 1.33 × 104 Pa (100 mm Hg)33;
therefore, transstenotic pressure gradients of 6% and
38% would represent absolute pressure drops, given
a mean pressure of 1.33 × 104 Pa (100 mm Hg), of 8.0
× 102 and 5.07 × 103 Pa (6 and 38 mm Hg), respec-
tively. In our institution, a pressure drop of 8.0 × 102
Pa (6 mm Hg) is low grade and slightly below the
level for angioplasty or stenting (1.33 × 103 Pa [10
mm Hg]), whereas a pressure drop of 5.07 × 103 Pa
(38 mm Hg) is moderately elevated. On the basis of
these results, these stenoses will be referred to as
"low" and "moderate" grades throughout the remain-
der of this experiment.
Renal Artery Compliance
A pulse dampener (#07596-20; Cole Parmer
Instrument, Vernon Hills, IL), a hollow plastic con-
tainer roughly the shape of a half sphere resting on
its flat surface (Fig. 1), was used to provide finite
compliance downstream to the stenosis, which simu-
lated the normal compliance of the renal vasculature.
Air introduced through a valve inserted into the top
of this device collects at the top while liquid flows,
unmixed with air, through the base. The entrapped
air compresses during systole and expands during
the lower pressure of diastole, thus absorbing some
of the flow pulsatility. If the quantity of air is large
enough, highly pulsatile flow can be completely con-
verted to steady, nonpulsatile flow. This device is
termed a "Windkessel," which is well known in the
physiology literature and was first described by
Hales in 1733.34 Trial and error adjustment of the
amount of air in the Windkessel determined that 1.3
cc of air for the low grade stenosis and 3.0 cc of air for
the high grade stenosis were needed to damp the
input prestenotic renal artery RI from the initial val-
ues of 0.53 or 0.54 to near nonpulsatility (an RI of 0.2)
at normal renal vascular resistance. An RI of 0.2 was
chosen rather than an RI of 0.0 because at very low RI
values it is extremely difficult to measure the RI
accurately, and an RI of 0.2 was so nearly nonpul-
satile that this was considered adequate to simulate
the degree of pulsatility damping that happens when
flow progresses from the pulsatile renal arteries to
the essentially nonpulsatile capillaries, yet it was still
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pulsatile enough to be measured, and reproduced,
accurately. An RI of 0.54 as measured on the ultra-
sound unit monitor was chosen as the input RI
because it was within the physiologic range and was
the largest RI the model could produce. These
amounts of air (1.3 cc and 3.0 cc for the low and mod-
erate grade stenoses, respectively) therefore repre-
sented "normal" vascular compliance in the model,
and compliances were varied in the experimental
runs (described later) from very close to zero
(absence of air in the Windkessel) to, or slightly
greater than, the amounts of air representing the
"normal compliance" values.
Inlet Lengths of Tubing
A flow perturbation (e.g., bifurcation, stenosis, tight
turn) transiently alters the flow profile for a variable
distance, up to a maximum length known as the inlet
length.35 Since the nonpulsatile, laminar flow inlet
length is longer than the inlet lengths for other types
of flow, it was used to ensure Doppler measurements
were performed in areas of stable flow, with all sono-
graphic examinations and pressure measurements
performed at least one inlet length from any flow
perturbation, except for the poststenotic PSV, which
was obtained in the poststenotic jet at the distal ori-
fice of the stenosis. The nonpulsatile, laminar flow
inlet length is defined as follows: L = 2kVr2/υ, where
L is inlet length in cm, k is an experimentally derived
constant (0.08), V is mean velocity in cm/s, r is tube
radius in cm, and υ is kinematic viscosity in stokes
(cm2/s).35
Blood Mimicking Liquid
The model was filled with 1500 ml of a solution with
the mean viscosity of blood (2.5 centipoise36), com-
posed of 35 ml of glycerol and 0.67 g of microparti-
cles (Sephadex G-50; Sigma Chemical, St. Louis, MO)
as ultrasound beam scatterers for every 100 ml of
water.37 Green food coloring was used to tint the
fluid so air bubbles could be seen and eliminated
from the nearly opaque, white tubing, since bubbles
cyclically changed volume with the cardiac cycle,
causing undesirable and unmeasurable compliance.
Doppler Sonography
A free-standing aluminum frame supported the
ultrasound transducers (Spectra; Diasonics, Santa
Clara, CA). Doppler waveforms were obtained with
5.0 MHz curvilinear transducers (Doppler frequency
= 4.0 MHz) at gains at which noise first became
apparent and at PRF values sufficient to prevent
aliasing, at the aorta (moderate grade stenosis: 48
degrees insonation angle, 4.0 KHz PRF, 105 Hz wall
filter; low grade stenosis: 48 degrees insonation
angle, 2.9 to 6.0 KHz PRF, 75 to 160 Hz wall filter), in
the renal artery proximal to the stenosis (48 degrees
insonation angle, 1.4 KHz PRF, 35 Hz wall filter), and
at the distal orifice of the stenosis (moderate grade
stenosis: 48 degrees insonation angle, 16.6 to 22.2
KHz PRF, 440 to 590 Hz wall filter; low grade steno-
sis: 48 degrees insonation angle, 4.0 to 6.0 KHz PRF,
105 to 160 Hz wall filter). Color and power Doppler
sonography ensured accurate angle correction for
spectral Doppler sonography in the poststenotic jet.
Renal artery sonography was performed in a water
bath (wallpaper soaking tray); water-filled plastic
bags (acting as interfaces between transducer and
tubing) and ultrasound gel were used for sonogra-
phy at other sites. A sound-absorbent material
(Sorbothane [70 durometer]; Sorbothane, Kent, OH)
interposed between the tubing and its resting sur-
faces reduced ultrasound wave reverberations.
PSV and RI values were measured by hand using
calipers, with RI values calculated according to the
following formula: RI = (S – D)/S; where S = height
of the systolic peak and D = height of the end dias-
tolic trough. All reported PSV and RI values were
means, obtained by averaging the values for four
consecutive waveforms (for RI) or five consecutive
waveforms (for PSV). The Doppler scale that pro-
duced the largest possible waveform without alias-
ing was used to decrease measurement error. 
Validation of Expected Findings
We expected that downstream from the stenosis,
without air in the Windkessel, the model would
have very little compliance. Vascular compliance is
defined as ∆V/∆P (V = volume; P = pressure). It is
a dynamic phenomenon that could not be mea-
sured. Therefore, an indirect method was used to
determine if our model had appreciable compli-
ance in the very low compliance mode. Vascular
compliance, in conjunction with vascular resis-
tance, causes the progressive damping of pulsatil-
ity that occurs as flow progresses from the highly
pulsatile central arteries to the essentially non-
pulsatile capillaries.1–4 Therefore, our model in the
very low compliance mode (absence of air in the
Windkessel) can be assumed to have very low com-
pliance, lower than that occurring in vivo, if the RI
in the distal renal artery just proximal to the resis-
tance valve and downstream to the airless
Windkessel (this location corresponds to the very
small arteriolar or capillary region in vivo) is
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nearly the same as the RI in the proximal renal
artery during maximum flow. Waveforms at the
input and output portions of the renal segment of
our model without renal artery stenosis and with-
out air in the Windkessel at 10% renal volume flow
had RI values of 0.54 ± 0.02 and 0.47 ± 0.04 (Fig. 2),
respectively, indicating that the compliance in this
mode was very low, much lower than occurs in
vivo. For data display and analysis (Fig. 3), PSV
values obtained at this very low compliance are
plotted as if the compliance were zero.
Experimental Runs
Windkessel compliance is proportional to the
amount of air in it, as discussed in the Appendix.
Four experimental runs were performed: runs at
both normal and high renal vascular resistance for
both the low and moderate grade stenoses. For all
runs the compliance of the renal arterial bed was
varied from very low to normal in the following
way: For the moderate grade stenosis, the amount
of air in the Windkessel varied from 0 cc (very low
compliance) to 3.0 cc (normal compliance), using
volumes of 0, 0.4, 0.8, 1.3, 2.0, and 3.0 cc. For the
low grade stenosis, the amount of air in the
Windkessel was varied from 0 to 1.5 cc in 0.3 cc
increments, using air volumes of 0.0, 0.3, 0.6, 0.9,
1.2, and 1.5 cc. Although the final air volume of 1.5
cc exceeded the 1.3 cc value for normal compliance
in the low grade stenosis set-up, this is not impor-
tant because once the PSV values were plotted as a
function of compliance and a curve fitted to the
data, all conclusions were drawn from the data
spanning the 0 to 1.3 cc increment. For each steno-
sis, the run at normal renal vascular resistance was
performed first, using a renal artery RI proximal to
the stenosis of 0.53 or 0.54, as discussed earlier.
This run was  followed by the run at high renal vas-
cular resistance. When the switch was made from
normal to high renal vascular resistance, the input
renal artery RI was not adjusted, as it was for the
beginnings of the normal resistance runs, but was
allowed to increase as the renal vascular resistance
increased, as it does in vivo (the input renal artery
RI was 1.0 for runs with both stenoses at high renal
vascular resistance).
Data Analysis
The aortic PSV values varied slightly during each
run of the experiment (Table 1). This variation
caused the poststenotic PSV to vary independently
of distal compliance and resistance. To counteract
this effect and to facilitate comparison, all post-
stenotic PSV values were normalized by dividing
the poststenotic PSV by the corresponding aortic
PSV. Normalized poststenotic PSV values were
plotted versus fractional compliance (normal com-
pliance = 1.0) for both values of renal vascular resis-
tance for each stenosis, and linear curve fits were
obtained (Fig. 3). The SD of all PSV values was cal-
culated and plotted as error bars.
RESULTS
The data for the four experimental runs are pre-
sented in Table 1 and in Figure 3. Sample wave-
forms are illustrated in Figure 4. Note that for the
moderate grade stenosis, the poststenotic PSV
appeared nearly independent of compliance,
decreasing only very slightly with decreasing com-
pliance; for the low grade stenosis, the poststenotic
PSV was mildly dependent on compliance, decreas-
ing with decreasing compliance (Fig. 3).
From the linear regressions, the calculated post-
stenotic PSV values decreased, from normal renal
vascular compliance to very low compliance, as
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Figure 2 Waveforms used to validate the assumption that the
renal vascular limb, without any air in the Windkessel and
without a proximal stenosis, had very low compliance.
Waveforms in the top row were obtained in the proximal
renal artery; the RI was 0.54 ± 0.02. Waveforms in the bottom
row were obtained in the distal renal vasculature distal to the
airless Windkessel; the RI of these downstream waveforms
was 0.47 ± 0.04. Owing to the minimal decrease in RI between
the two sets of waveforms, there is very low compliance in
the renal limb of the model without air in the Windkessel, as
discussed in the Methods section.
follows: 24% decrease for low grade stenosis and
normal renal vascular resistance (i.e., the calcu-
lated normalized PSV was 1.80 at normal compli-
ance and 1.36 at very low compliance; the
percentage decrease was therefore [(1.80 –
1.36)/1.80] × 100% = 24%); 39% [(1.66 – 1.01)/1.66]
decrease for low grade stenosis and high renal vas-
cular resistance; 10% [(9.18 – 8.28)/9.18] decrease
for moderate grade stenosis and normal renal vas-
cular resistance; and 7% [(6.31 – 5.86)/6.31]
decrease for moderate grade stenosis and high
renal vascular resistance.
DISCUSSION
As fluid flows through a renal artery stenosis, a local
velocity increase occurs. Many studies have evalu-
ated the PSV12–25 for detection of hemodynamically
significant renal artery stenosis. Unfortunately, the
results have been less than satisfactory, ranging from
0% sensitivity and 37% specificity13 to 98% sensitivity
and specificity.22 Technical factors such as bowel gas
and obesity (which obscure the renal artery) and
accessory arteries (which may be stenosed but go
undetected) are partially responsible but do not com-
pletely explain the discrepant results.
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Figure 3 Plots of normalized PSV versus fraction of normal compliance, for low grade stenosis and normal renal vascular resis-
tance (A), low grade stenosis and high vascular resistance (B), moderate grade stenosis and normal vascular resistance (C), and
moderate grade stenosis and high vascular resistance (D). Data points include error bars (± one standard deviation). Linear
regressions were plotted to fit the data. PSV decreases mildly with decreasing compliance for all four modes of the experiment.
The PSV values for both the low and moderate grade stenoses were slightly lower with high renal vascular resistance than with
normal renal vascular resistance (compare B to A and D to C). This suggests that the PSV is also dependent on distal vascular
resistance. The effect of distal resistance has been investigated in detail in a separate study.40
A B
C D
Since vascular compliance affects the arterial
waveform,1–4 and compliance varies in vivo,5–11 this
study was performed to determine if vascular
compliance affects the poststenotic PSV. If so, this
may help explain the variable results using post-
stenotic PSV to detect stenoses. To make this eval-
uation, we studied the effect of varying the
compliance from as low as possible to a level sim-
ulating that present normally in vivo, likely
encompassing a greater range than is possible in
vivo. This was done using two levels of renal vas-
cular resistance, one simulating normal in vivo
resistance, and one that is very high, which
restricted volume flow to the kidney to only
approximately one fifth of its normal value. These
two values were chosen to encompass the range of
resistances usually encountered in the evaluation
for renal artery stenosis, not to completely study
the effect of vascular resistance, which is the topic
of a separate investigation,38 but to determine if
vascular resistance substantially modifies the
effect of vascular compliance.
Our results show that poststenotic PSV decreases
only mildly with decreasing vascular compliance for
both moderate and very low grade stenoses at both
normal and very high grade renal vascular resistances.
In vivo, vascular compliance is not constant but varies
with blood pressure, age, and medications5–11). For
example, human aortic compliance decreases by a fac-
tor of approximately 5 between normotensive persons
20 to 24 years old and hypertensive subjects in the
eighth decade6 and by a factor of approximately 3
between the ages of 10 and 60 years in normal persons
as part of the aging process.5 These in vivo compliance
ranges encompass a large portion of the compliance
range evaluated in our study and strongly suggest our
in vitro results apply in vivo.
Our results are also highly likely to apply to another
parameter used in stenosis detection, the RAR (RAR =
stenotic PSV/aortic PSV26–30). This is because experi-
mental evidence indicates aortic PSV is essentially
independent of peripheral vascular resistance changes
in vivo.39 Therefore, RAR should vary with compliance
changes in the same manner as the stenotic PSV does.
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Table 1: Experimental Data
Poststenotic PSV, Aortic PSV, Poststenotic PSV, Compliance as % 
cm/s (± SD) cm/s (± SD) normalized to aortic PSV (± SD) of normal compliance
Moderate grade stenosis with high vascular resistance
476 ± 17.0 81.4 ± 1.6 5.85 ± 0.21 0
480 ± 11.5 82.9 ± 1.2 5.79 ± 0.14 13.3
511 ± 5.1 84.0 ± 1.0 6.08 ± 0.06 26.7
513 ± 18.3 83.0 ± 0.9 6.18 ± 0.22 43.3
523 ± 10.8 84.9 ± 1.2 6.16 ± 0.13 66.7
529 ± 25.6 84.6 ± 1.1 6.25 ± 0.30 100
Moderate grade stenosis with normal vascular resistance
648 ± 13.5 77.7 ± 1.6 8.34 ± 0.17 0
692 ± 32.5 82.0 ± 1.3 8.44 ± 0.40 13.3
694 ± 12.9 83.0* 8.36 ± 0.16 26.7
741 ± 13.7 83.9 ± 0.7 8.83 ± 0.16 43.3
737 ± 14.0 84.5 ± 1.6 8.72 ± 0.17 66.7
749 ± 10.7 80.8 ± 1.6 9.27 ± 0.13 100
Low grade stenosis with high vascular resistance
60.5 ± 1.0 62.7 ± 0.7 0.96 ± 0.02 0
72.7 ± 1.8 63.4 ± 1.2 1.15 ± 0.03 23.1
87.5 ± 2.1 66.3 ± 0.5 1.32 ± 0.03 46.2
101 ± 0.8 65.3 ± 0.4 1.55 ± 0.01 69.2
108 ± 2.0 65.2 ± 1.1 1.66 ± 0.03 92.3
112 ± 1.7 67.6 ± 0.4 1.66 ± 0.03 115
Low grade stenosis with normal vascular resistance
84.2 ± 1.0 62.1 ± 0.7 1.36 ± 0.02 0
89.0 ± 3.1 63.2 ± 0.6 1.41 ± 0.05 23.1
102 ±1.3 63.9 ± 0.6 1.60 ± 0.02 46.2
111 ± 1.4 64.7 ± 0.4 1.72 ± 0.02 69.2
116 ± 3.1 67.5 ± 0.3 1.72 ± 0.05 92.3
124 ± 2.6 66.7 ± 1.0 1.86 ± 0.04 115
*This value was inadvertently not obtained; therefore the value listed is an interpolation between adjacent aortic PSV's.
For detecting moderate or higher grade stenoses,
the very mild dependence of stenotic PSV (Fig. 3)
on vascular compliance is unlikely to be significant.
This is because these degrees of stenosis are likely
to produce fairly large PSV values, which exceed
threshold levels enough that even if they are low-
ered slightly by a low compliance, they will still
almost certainly exceed the detection threshold and
not go undetected. The mild dependence of low
grade stenoses with vascular compliance is a differ-
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Figure 4 Sequence of  poststenotic Doppler waveforms with the low grade stenosis and normal renal vascular resistance.
Waveforms are numbered sequentially from lowest (1) to highest (6) vascular compliance. Compliance values, expressed in
terms of percentage of compliance relative to normal compliance, were as follows: 0% for waveform 1 (A), 23.1% for waveform
2 (B), 46.2% for waveform 3 (C), 69.2% for waveform 4 (D), 92.3% for waveform 5 (E), and 115% for waveform 6 (F). PSV increas-
es slightly from lowest to highest compliance.
C D
A B
E F
ent matter. Consider our low grade stenosis.
Although it is not quite significant hemodynami-
cally, it is much nearer the hemodynamically signif-
icant range than it is to the moderate stenosis also
evaluated in our experiment, and we believe our
results for the low grade stenosis are highly likely to
apply to slightly greater in vivo stenoses at the
threshold of hemodynamic significance. For our
low grade stenosis at normal renal vascular resis-
tance, the poststenotic PSV at a compliance of one
fifth of normal (which is within the compliance
range possible in vivo) is 19% less than the post-
stenotic PSV at normal compliance (Fig. 3) (normal-
ized PSV at normal compliance = 1.80; normalized
PSV at one-fifth normal compliance = 1.45; 
% decrease = ([1.80 – 1.45/1.80] [100%] = 19%). A
similar calculation for the low grade stenosis at
high renal vascular resistance gives a poststenotic
PSV that is 31% less than at normal compliance
(normalized PSV at normal compliance = 1.66; nor-
malized PSV at one-fifth normal compliance = 1.14;
% decrease = ([1.66 – 1.14/1.66] [100%] = 31%).
Thus, in our model, if a velocity threshold of 100
cm/s is used for stenosis detection at normal renal
vascular resistance, any stenosis producing a PSV of
up to approximately 123 cm/s at normal compli-
ance produces a PSV of less than 100 cm/s at one-
fifth normal compliance (123 × [100% – 19%] = 100).
Similarly, at high renal vascular resistance in our
model, any stenosis producing a PSV of up to 145
cm/s at normal compliance produces a PSV of less
than approximately 100 cm/s at one fifth of normal
compliance (145 × [100% – 31%] = 100). These
results thus help explain some of the false-negative
results when PSV is used to detect hemodynami-
cally significant stenoses. They do not provide a
complete explanation, however, since the reported
PSV thresholds for detecting hemodynamically sig-
nificant stenoses vary substantially more than the
just-described ranges (100 to 350 cm/s). Other fac-
tors not evaluated in our study must be at work as
well.
Our study has two limitations. First, it is an in
vitro study. Therefore, even though our compli-
ances and resistances produced the same magni-
tude of effects as are present in vivo, our model
does not duplicate in vivo conditions. Therefore,
our results can only be used to help explain, and not
directly extrapolate to, the in vivo situation. Second,
the "normal" compliances used in our study were
slightly less than actually occur in vivo, because our
"normal" compliance values damped the pulsatility
of the downstream renal artery waveform to an RI
of 0.2 instead of 0.0 as occurs in vivo. However, our
study shows that the PSV is only mildly dependent
on compliance, and even if slightly higher values of
compliance had been used in our experiment, it is
highly unlikely the results would have been sub-
stantially different from those we observed.
In conclusion, PSV is mildly dependent on vascu-
lar compliance, decreasing with decreasing vascu-
lar compliance. The results of this experiment help
explain some of the reported variability using PSV
to detect hemodynamically significant renal artery
stenoses, but the effect is not great enough to
explain the variability completely. It is likely that
differences in operator skills and differences in the
degree of dedication to meticulous technique
among observers play substantial roles in this vari-
ability.  Other factors may be at work as well.
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APPENDIX
Vascular compliance is defined as a change in vol-
ume produced by a change in pressure, and is
defined as ∆V/∆P. Arterial expansion during systole
with subsequent relaxation or contraction during
diastole are manifestations of this phenomenon. 
In our model, vascular compliance of the renal
artery was concentrated in one region, the Wind-
kessel. Compliance could not be directly measured,
but was assumed proportional to the amount of air
in the Windkessel due to the following line of rea-
soning.
Gases, including air, under normal conditions fol-
low a simple relationship known as Boyle's law: 
PV = k, where P is pressure, V is volume, and k is a
constant. Thus, for example, when the pressure
exerted upon a volume of gas doubles and all other
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factors remain constant, the volume of gas decreases
by half.
Consider two Windkessels, #1 and #2, containing
different volumes of air but otherwise alike and
under the same conditions, including pressure. The
initial conditions for #1 are V1 and P1 and the initial
conditions for #2 are V3 and also P1. Each follows
Boyle's law so that:
P1V1 = k#1 (1)
and P1V3 = k#2 (2)
Now assume that each Windkessel is subjected to a
new pressure, P2, that is the same for both
Windkessels. Since Boyle's law states that, assuming
constant temperature, the product PV is constant, for
Windkessel #1:
P1V1 = P2V2 (3)
and for Windkessel #2:
P1V3 = P2V4 (4)
These equations rearrange to:
V2/V1 = P1/P2 (5)
and V4/V3 = P1/P2 (6)
Thus,
V2/V1 = V4/V3 (7)
Now, as stated earlier, V3 is different than V1. Let n
equal the ratio of V3 to V1, i.e., 
V3 = nV1 (8)
Substituting nV1 for V3 in equation 7 and rearranging
terms, it can be seen that
V4 = nV2 (9)
As earlier described, compliance, C, equals ∆V/∆P.
Therefore
C#1 = ∆V#1/∆P = (V2 – V1)/(P2 – P1) (10)
and using equations 8 and 9,
C#2 = ∆V#2/∆P = (V4 – V3)/(P2 – P1) 
= (nV2 – nV1)/(P2 – P1) = n(V2 – V1)/(P2 – P1) (11)
Therefore, the ratio of compliances, C#2/C#1, is obtained
by dividing equation 11 by equation 10, giving
C#2/C#1 = [n(V2 – V1)/(P2 – P1)]/[(V2 – V1)/(P2 – P1)]
(12)
which reduces to
C#2/ C#1 = n (13)
Equation 13 shows that the compliance in two
Windkessels which are otherwise alike except for
their initial volumes is proportional to the amount of
air within them.
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